Background: Circulating acyl-carnitines (acyl-CNTs) are associated with insulin resistance (IR) and type 2 diabetes (T2D) in both rodents and humans. However, the mechanisms whereby circulating acyl-CNTs are increased in these conditions and their role in whole-body metabolism remains unknown. The purpose of this study was to determine if, in humans, blood cells contribute in production of circulating acyl-CNTs and associate with whole-body fat metabolism. Methods and results: Eight non-diabetic healthy women (age: 47 ± 19 y; BMI: 26 ± 1 kg$m À2 ) underwent stable isotope tracer infusion and hyperinsulinemic-euglycemic clamp study to determine in vivo wholebody fatty acid flux and insulin sensitivity. Blood samples collected at baseline (0 min) and after 3 h of clamp were used to determine the synthesis rate of palmitoyl-carnitine (palmitoyl-CNT) in vitro. The fractional synthesis rate of palmitoyl-CNT was significantly higher during hyperinsulinemia (0.788 ± 0.084 vs. 0.318 ± 0.012%$hr
Introduction
Type 2 diabetes and atherosclerotic CVDs (aCVDs) are significant contributors to morbidity and mortality in the US [5, 6, 11] . Obesity and insulin resistance (IR) predispose one to the development of T2D and aCVDs. IR is accompanied by excessive accumulation of lipid metabolites, e.g., acyl-carnitine (acyl-CNT) in skeletal muscle [2, 10, 13, 19, 27] . Several studies have shown associations between excessive accumulation of intramuscular lipids and the development of IR in muscle [2, 7, 10, 12, 13, 15, 18, 27] . Recently, elevated plasma concentrations of acyl-CNTs have been reported in insulinresistant individuals and patients with T2D when compared to healthy adults [1, 17] . However, the source of these acyl-CNTs remains unknown. To address this question, Schooneman et al. [21] measured plasma and tissue acyl-CNT profiles in mice and showed that, in general, the plasma acyl-CNT profile did not reflect the acyl-CNT profile of any specific tissues, including skeletal muscle or the liver. However, these authors did not determine the contribution (if any) of blood cells (i.e., peripheral blood mononuclear cells; PBMC, and platelets) to plasma acyl-CNTs [21] . Acyl-CNTs are produced by the outer mitochondrial membrane enzyme carnitine palmitoyl transferase 1 (CPT-1), meaning that any cells that contain mitochondria, such as PBMCs and platelets, may contribute to plasma acyl-CNT levels [3, 8, 23, 27] . Since the plasma acyl-CNT profile is used as a marker of inborn metabolic disorders, most studies to date have focused on the pediatric population, with few data available on adults [3, 8, 23] . The purpose of this study was to determine the potential contribution of blood cells (i.e., PBMC and platelets) to fatty acid oxidation (FAO) and insulin sensitivity in healthy women. We combined indirect calorimetry, stable isotope tracer and hyperinsulinemic-euglycemic clamp approaches to measure palmitate oxidation and systemic insulin sensitivity in vivo with in vitro assessment of the synthesis rate of palmitoyl-carnitine (palmitoyl-CNT) by blood cells. We hypothesized that the production of palmitoyl-CNT by blood cells contributes to circulating acyl-CNT concentration. Further, we theorize that the production of palmitoyl-CNT by blood cells correlates with whole body fatty acid metabolism.
Materials and methods
Healthy women were eligible for the study. Exclusion criteria included any evidence of acute illnesses, diabetes mellitus [defined as fasting plasma glucose > 126 mg$dl À1 or taking any hypoglycemic agents], taking medications that affect lipid metabolism, pregnancy or lactation, a history of substance abuse, and the inability to provide informed consent. Upon enrollment the subjects underwent a history and physical. All study procedures were approved by the Institutional Review Board at the University of Texas Medical Branch (UTMB), Galveston, TX, and all participants provided signed informed consent and the studies were conducted at Clinical Research Center (CRC), UTMB.
In vivo infusion study
Volunteers participated in a 6 h infusion study, as described in Fig. 1 . The infusion study consisted of two periods, each 3 h long. The first period of the study was designed to determine the basal fatty acid turnover. Indirect Calorimetry was performed at 120 min to determine whole-body fat oxidation, using Vmax Encore (CareFusion Corporation, San Diego, CA), as described previously [28] . Plasma palmitate oxidation was measured using an infusion of stable isotope-labeled palmitate tracer, as described below. After the collection of baseline blood and breath samples to determine background enrichments, a bolus of NaH 13 $min À1 ) to assess plasma palmitate oxidation [28] .
Blood samples were obtained every 30 min for the first 150 min, and then every 10 min until 180 min. Breath samples were obtained at 150, 160, 165 and 170 min after the start of stable isotope tracer infusion. At 180 min, a hyperinsulinemic-euglycemic clamp was conducted for the last 3 h of the infusion study, as previously described [14] . Briefly, insulin (Lilly, Indianapolis, IN), dissolved in sterile NaCl 0.9%, was administered at a rate of 1 mU$kg À1 of fat free mass (FFM)$min
À1
. The glucose infusion rate (GIR) during the steady-state period of the clamp was used as a marker for wholebody insulin sensitivity.
Clinical chemistry measurements
Fasting levels of plasma very low density lipoprotein cholesterol (VLDL-C), triglycerides (TG), total cholesterol (TC), high density lipoprotein cholesterol(HDL-C) and low density lipoprotein cholesterol (LDL-C) were measured using a Vitros 5600 analyzer (Ortho Clinical Diagnostic, Rochester, NY) in the Clinical Pathology Laboratory at UTMB. Plasma glucose concentrations were determined using an automated glucose analyzer (Stat 2300; Yellow Spring Instruments). Serum insulin concentrations were determined using an Immulite 2000 Insulin (Siemens Medical Solutions USA, Inc., Norwood MA). Fig. 1 . A schematic presentation of the in vivo infusion study.
Analyses of plasma lipid and breath samples
Plasma lipids were extracted using a heptane-propanol extraction buffer and free fatty acids (FFAs) were separated using thinlayer chromatography plates (Partisil LK5D, Silica Gel 150 Å, Schleicher & Schuell, Maidstone, England). After the samples were methyl-esterified, the tracer-to-tracee ratio of U 13 C 16 -palmitate in plasma FFAs was measured using GC-MS (MSD system, Agilent, Santa Clara, CA) monitoring the mass-to-charge ratios of 270, 285 and 286 for methyl palmitate. Eight fatty acids (FAs) in plasma FFAs were measured using a GC system with flame ionization detection (GC-FID 6890, Agilent, Santa Clara, CA); the relative contribution of palmitate to the total 8 FAs, which were measured, was expressed as percent contribution [25] . [28] . CO 2 enrichment in breath samples was measured using GC combustion isotope ratio mass spectrometry (GC-C-IRMS, Delta V Advantage/Finnigan Gas Bench II, Thermo Fisher, Waltham, MA).
In vitro studies
In vitro studies were designed to determine the rate of incorporation of U 13 C 16 -palmitate into palmitoyl-CNT under basal and insulin conditions [8] . Blood samples (~2 ml) were collected in EDTA-containing tubes at two time points e at baseline (0 min) and at the end of the hyperinsulinemic-euglycemic clamp (360 min). After obtaining samples to measure the background parameters (i.e., the enrichment of U 13 C 16 -palmitate, the total concentrations of FFAs and acyl-CNTs), the remaining samples were mixed with 1 mL$mL À1 of 2 mM U 13 C 16 -palmitate dissolved in 5% human albumin. The samples were then incubated in a 37 C water bath with periodic mixing and aliquots were collected at 5, 10, 20, 40 and 60 min after the start of incubation. All aliquots were immediately frozen in LN2 to arrest all biochemical reactions.
Analyses of blood lipids and acyl-CNTs
Blood FFAs were isolated and analyzed as described above. Blood acyl-CNTs were isolated using a 1 ml of an acetonitrilemethanol mixture (3:1) with 50 mL of 1 M KH 2 PO 4 [24, 29] . To measure the concentrations of specific and total acyl-CNT species, D 3 -C16:0-carnitine was added as an internal standard (45 mM).
Samples were then analyzed to determine the total concentration of acyl-CNTs using a Liquid Chromatograph Mass Spectrometer (LC-MS 6130 Quadruple, Agilent, Santa Clara, CA), as previously described [24, 29] . The measured acyl-CNT species were myristoyl-(C14:0), palmitoyl-(C16:0), palmitoleoyl-[C16:1(n-1)], stearoyl-(C18:0), oleoyl-[C18:1(n-9)], linoleoyl-[C18:2(n-6)] and linolenoyl-carnitines [(C18:3(n-3)]. The enrichment of U 13 C 16 -palmitoyl-CNT was measured to determine the tracer-to-tracee ratio of the label incorporated into palmitoyl-CNT. The white blood cell count was done using a Sysmex XE 5000/XT 2000i analyzer (Sysmex America, Inc., Lincolnshire, IL) in the Hematology Laboratory at UTMB.
Calculations
Whole-body FAO was calculated using the whole-body oxygen consumption and carbon dioxide production rates, and the percent contribution of palmitate in total plasma FFAs, as described previously [28] . For in vivo studies, rates of oxidation of plasma palmitate and fatty acids were calculated using the tracer enrichment data in breath and plasma FFA samples, as previously described [28] . An acetate correction factor of 0.37 was used.
For in vitro studies, to calculate the kinetic parameters the tracer-to-tracee ratios of labeled palmitic acid and palmitoyl-CNT were converted to mole percent excess (MPE). The fractional synthesis rate (FSR) of palmitoyl-CNT was calculated by dividing the slope of incorporation of the label into palmitoyl-CNT by the area under the curve (AUC) of labeled palmitic acid (MPE) over 60 min in vitro experimental period, and is expressed in %$min
À1
. The absolute synthesis rate (ASR) of palmitoyl-CNT was calculated by multiplying the FSR by the concentration of palmitoyl-CNT and expressed as nMol$L À1 $min À1 [28] .
Statistical analyses and data presentations
Data are presented as means ± SE. The differences in parameters between basal and insulin periods from in vivo studies were evaluated using a two-tailed, paired, equal variance Student's t-test. The differences in parameters from in vitro studies were evaluated using two-way ANOVA repeated measures with the factors period (i.e., basal or insulin) and time (0, 5, 10, 20, 40 and 60 min). Correlations between the outcomes of interest were performed using a linear regression model. The GIR parameters were log-transformed for non-normal distribution prior to use in linear regression analyses. p < 0.05 was considered statistically significant.
Results
Nine healthy non-diabetic women were studied; however, due to technical problems results from one subject were unavailable, thus the data presented herein are from total of eight subjects. None of the subjects reported taking any medications known to affect glucose or lipid metabolism. The demographic and clinical laboratory data for these individuals are presented in Table 1 . All the subjects participated in the same isotope infusion study, as described in Fig. 1 , to determine the in vivo parameters of wholebody FAO and systemic insulin sensitivity.
In vivo study
Whole-body FAO parameters in the basal state were measured during the first 180 min of the infusion study ( Fig. 1 ) are presented in Table 2 . Thirty min after the start of the clamp, the plasma concentration of insulin significantly increased (p < 0.001), and remained elevated until the end of the infusion study (Fig. 2) . The plasma glucose concentration was clamped at pre-insulin levels (77 ± 8 mg$dL À1 ). The average glucose infusion rate, a marker of whole-body systemic insulin sensitivity, was 20.95 ± 2.17 mMol$kg À1 $min
À1
. 
In vitro study
The blood samples for in vitro acyl-CNT studies were collected at 0 min (i.e., basal period) and at 360 min or after 3 h of hyperinsulinemic-euglycemic clamp (i.e., insulin period; Fig. 1) . The blood concentration of FFAs was significantly lower at all time points during the insulin period when compared to the basal levels (Fig. 3A) . However, because blood concentration of FFAs did not change significantly within 1 h of in vitro experiments in either periods (Fig. 3A) , the FFA concentration is presented as an average of all time points within each period. As expected, the average concentration of blood FFAs was significantly lower in the insulin period when compared to the basal period (p ¼ 0.003, Fig. 3B ).
Total blood acyl-CNTs were reduced by~50% during the insulin period compared with basal; however, at any time point during the in vitro experiment, the differences did not reach statistical significance (p ¼ NS; Fig. 4A ). The concentrations of individual acylCNTs species decreased to a similar extent (~50%), but the differences between the periods varied by species. For example, no significant differences were observed in the concentrations of C14:0 (Fig. 4B) , C16:0 (Fig. 4C) , C18:1 (Fig. 4F ) and C18:2 ( Fig. 4G) species, while the concentration of C16:1 at 40 min was significantly higher (p ¼ 0.017) than baseline (0 min) time point within the basal period (Fig. 4D) . At the 20 min time point, the concentration of C18:0 was significantly lower (p ¼ 0.043) during the insulin period compared to the basal period (Fig. 4E) . Within the basal period, the concentration of C18:3 at baseline was significantly higher than at 20 (p ¼ 0.02), 40 (p ¼ 0.003) and 60 (p < 0.001) min. Also, during the insulin period the concentration of C18:3 was significantly lower in the insulin period at 0 (p ¼ 0.005) and 5 min (p ¼ 0.038) time points when compared to the basal period (Fig. 4H) .
The steady state enrichments of U 13 C 16 -palmitate in the basal and insulin periods were 13.04 ± 1.01 and 37.85 ± 4.02%, respectively. The baseline enrichment of U 13 C 16 -palmitoyl-CNT in the basal period was zero percent, while in the insulin period it was 0.55 ± 0.19%, which was accounted in the calculation of the actual enrichments in further time points. The increase in incorporation of U 13 C 16 -palmitate into palmitoyl-CNT is presented in Fig. 5 . There was a significant difference in the slope of production of U 13 C 16 -palmitoyl-CNT between the basal and insulin periods (Basal vs. Insulin: 0.041 ± 0.003 vs. 0.292 ± 0.032, p < 0.001). The FSR of palmitoyl-CNT was significantly higher in the insulin period (p ¼ 0.001; Fig. 6A ). However, the ASR of palmitoyl-CNT was not different between the groups (p ¼ 0.809; Fig. 6B ). This was due tõ 30% decrease in the blood concentration of palmitoyl-CNT, although the difference did not reach statistical significance
Correlation analyses
Linear regression analyses demonstrated that the ASR of palmitoyl-CNT was significantly correlated with the blood concentration of FFAs during the basal (p ¼ 0.004) and insulin (p ¼ 0.014) periods (Fig. 7A) . The ASR of palmitoyl-CNT also significantly correlated with blood concentration of acyl-CNTs in both the basal (p < 0.001) and insulin (p ¼ 0.001) periods (Fig. 7B) . The regression analyses also demonstrated that ASR of palmitoyl-CNT significantly correlated with blood concentration of all other measured acyl-CNT species, but not with C18:2(n-6)-CNT under hyperinsulinemic conditions, the data are presented in Table 3 . Moreover, the ASR of palmitoyl-CNT was significantly correlated with the plasma palmitate oxidation rate in the basal period (p ¼ 0.007; Fig. 7C ). However, no significant correlation was observed between ASR of palmitoyl-CNT and whole-body palmitate oxidation, estimated using indirect calorimetry measurement in the basal period (r ¼ 0.091, p ¼ 0.830). The whole-body FAO, measured using indirect calorimetry, did not correlate the plasma FAO, measured using isotopic approach (r ¼ 0.661, p ¼ 0.074). Finally, correlation analyses demonstrated that GIR tended to be inversely correlated with the ASR of palmitoyl-CNT during the insulin period (r ¼ 0.703, p ¼ 0.051) but not during the basal period (r ¼ 0.305, p ¼ 0.463; Fig. 7D ). . Fig. 2 . Serum concentration of insulin significantly increased at 30 min after the start of hyperinsulinemic-euglycemic clamp and remained elevated until the end of the clamp. *, significantly higher than in baseline or at 0, 90 and 180 min (p < 0.05). Analyses were performed using Two-way ANOVA repeated measures with factors of period and time points, n ¼ 8.
Discussion
The main finding of the current study is that in healthy women, the ASR of palmitoyl-CNT by blood cells is significantly correlated with blood concentration of total acyl-CNTs and the plasma palmitate oxidation. Additionally, it was also significantly dependent upon the availability of blood FFAs during both fasting and insulin conditions.
The association of increased amounts of acyl-CNT species and the development or the progression of IR and thus T2D and aCVDs has been well documented [1, 2, 17, 20] . The production of acyl-CNTs occurs inside the cell, in the level of mitochondrion. Once FAs enter the cell they are activated by esterification to acyl-Coenzyme As (acyl-CoAs). Long-chain acyl-CoAs are then converted into acylCNTs via the activity of CPT1, which is located on the outer mitochondrial membrane. Long-chain acyl-CNTs are then transported through the inner mitochondrial membrane, where they are transesterified by CPT2 back to long chain acyl-CoAs and free carnitine. Long-chain acyl-CoA can then participate in b-oxidation.
Recent reports have demonstrated increased levels of acyl-CNT species in the plasma of patients with IR and T2D [1, 17] . These data also suggest that acyl-CNTs can be exported across the cell membrane into the blood. Since~90% of body carnitine is found in skeletal muscle, most of the body's acyl-CNT esters are thought to be produced within myocytes [26] . However, recent reports demonstrated that in mice there is no correlation between the profile of acyl-CNTs in plasma and other tissues, including skeletal muscle [21] . Similarly, in pigs the contribution of skeletal muscle acyl-CNTs to plasma acyl-CNTs was shown to be insignificant [22] . Other reports have demonstrated that blood cells (i.e., leukocytes and platelets) can also produce acyl-CNTs [3, 8, 23] . Our current data demonstrating that the production of palmitoyl-CNT by blood cells is associated with the total concentration of blood acyl-CNTs indicates that blood cells contribute to the circulating acyl-CNT pool. Indeed, since the rate of palmitoyl-CNT production by blood cells correlates with total acyl-CNT concentration, it is tempting to speculate that blood cells may be somewhat responsible for the plasma acyl-CNT pool. However, it should be noted that palmitoyl-CNT is a fleeting metabolite, typically transesterified back to acyl-CoAs or exporting from the intracellular space almost immediately after its formation. Additionally, Shooneman et al. [22] , conducted an in vivo study to evaluate the association of transorgan acyl-CNT fluxes and systemic acyl-CNT metabolism. The results of this robust study demonstrated that under fasting conditions liver plays an important role in whole body acyl-CNT metabolism. Thus, it is difficult to accurately Fig. 3 . Blood concentration of Free Fatty Acids (FFAs) was significantly lower at each time point of the insulin period (A) when compared to the same time point of the basal period (*, p < 0.05). However, the concentrations did not differ between the time points within the each period (i.e., basal or insulin periods), thus an average of FFAs at different time points within the same period was used for data analyses, which was significantly lower during the insulin period when compared to the basal (B). The difference between the periods and time points was determined using Two-way ANOVA repeated measures with factors of period and time points, n ¼ 8. The difference between the averaged values in basal and insulin periods was evaluated using two-tail, paired variance Student t-test.
determine the source of circulating acyl-CNTs from the measure of CPT1 flux alone. Nonetheless, our data suggest that blood cells play a prominent role in systemic lipid metabolism. If this is possible, the research in this field may be advanced tremendously due to the easier access to blood cells compared to muscle samples.
The activity of CPT1 is considered to be the rate-limiting step in long-chain FAO, thereby it has been suggested to be contributing in modulating FAO [4, 9] . Our data demonstrating that the in vitro absolute production of palmitoyl-CNT is correlated with both the blood FFA concentration and plasma palmitate oxidation rate suggests that blood cells could be a significant contributor in whole- Fig. 4 . The total concentration of blood acyl-CNTs was not different between the insulin and basal periods (A). No significant differences were observed in concentrations of C14:0 (B), C16:0 (C), C18:1 (F), C18:2 (G) species; while the concentration of C16:1 at 40 min was significantly higher (p ¼ 0.017) than at 0 min time point within the basal period (D). At 20 min time point, the concentration of C18:0 was significantly lower (p ¼ 0.043) during the insulin period when compared to the basal period (E). Within the basal period, the concentration of C18:3 at 0 min was significantly higher than at 20 (p ¼ 0.02), 40 (p ¼ 0.003) and 60 (p < 0.001) min, and during the insulin period the concentration of C18:3 was significant lower in the insulin period at 0 (p ¼ 0.005) and 5 (p ¼ 0.038) min time points when compared to the basal period (H). The difference between the periods and time points was determined using Two-way ANOVA repeated measures with factors of period and time points, n ¼ 8. (2016) 1e10 6 body lipid metabolism. Moreover, our data may suggest that under physiological conditions the blood cell lipid metabolism may still be well maintained in relatively healthy women. However, whether this is true under pathological conditions (i.e., IR, T2D and aCVDs) is yet to be determined.
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The capacity for FAO of a cell/tissue typically reflects the health and metabolic flexibility of that given cell/tissue. Currently, to estimate in vivo FAO one can utilize an indirect calorimetry approach and/or infusion of carbon-labeled FAs [28] . Indirect calorimetry provides measurements of whole-body fat oxidation, which includes both the plasma and intracellular FAO; although the procedure that is required to perform indirect calorimetry is simple and widely used, the results do not necessarily reflect the rate of oxidation in individual tissue [28] . Mensink et al. [16] , demonstrated that the whole-body FAO was not different between lean and glucose intolerant or diabetic individuals. However, there was a redistribution of the source of oxidized FAs. Thus, indirect calorimetry may not provide us with detailed and physiologically, in some cases, significant data. Our data demonstrating that there is no significant correlation between the whole-body and plasma FAO, measured using indirect calorimetry and isotopic approaches, respectively, suggests that novel methods of estimating in vivo FAO would be beneficial to advance research in this area. Additionally, the fact that the in vitro ASR of palmitoyl-CNT did not correlate with whole-body palmitate oxidation measured using indirect calorimetry, but was significantly correlated with plasma palmitate oxidation measured using the tracer approach, may suggest that this application more precisely reflects lipid metabolism in blood cells. If this is the case, it may also suggest that blood cells significantly contribute in utilization of circulating FFAs and thus systemic lipid metabolism. However, we have attempted to estimate the contribution of blood cells' palmitate oxidation in total plasma palmitate oxidation. Thus, we multiplied the plasma palmitate oxidation (mMol$kg À1 $min À1 ) by body weights of the subjects and determined that the average total plasma palmitate oxidation was 31 ± 3 mmol$min
À1
, and ranged from 23 to 45 mMol$min
. We also multiplied the ASR of palmitoyl-CNT (nMol$L À1 $min À1 ) by estimated whole-body blood volume and determined that the absolute production of palmitoyl-CNT was 8 ± 3 nMol$min
, and ranged from 0.8 to 26 nMol$min
. Interestingly, the two variables still significantly correlated (r ¼ 0.865, p ¼ 0.006). If these estimations are correct, these data may suggest that blood cells' contribution in FAO may significantly vary even within the tightly chosen healthy people, like our study population. However, these results need to be further validated and, thus further studies are warranted. Therefore, blood cells may be of significant importance to the study of whole-body lipid metabolism, and the assaying of blood cell oxidative capacity may represent a novel biomarker of IR and metabolic disease.
The slope of incorporation of tracer into palmitoyl-CNT was different between the basal and insulin periods, which was not due to the number of blood cells, because there was no difference in the cell count between the two periods. This finding can be explained in part by a higher enrichment of U 13 C 16 -palmitic acid in the insulin period due to the insulin-related suppression of lipolysis and the decline in blood FFA concentration. However, FSR of palmitoyl-CNT, which accounts for precursor enrichment (i.e., U 13 C 16 -palmitic acid) was still higher during the insulin period. Given that at the same time the concentration of total acyl-CNTs was almost 50% lower, we can only hypothesize that during hyperinsulinemia, the next step of acyl-CNT metabolism (i.e., beta-oxidation) was increased. Thus, to understand the complete mechanism of blood cell fatty acid turnover, it is necessary to estimate the degradation of palmitoyl-CNT, which can perhaps be done by measuring the rate of production of uniformly labeled myristoyl-CNT (C14:0). Unfortunately, our current methods did not allow us to measure these metabolites, so we were unable to estimate the turnover of palmitoyl-CNT or the actual in vitro FAO. This will be one of our goals for future studies.
There are a number of limitations in our study. Firstly, although our rationale for studying women only was to eliminate any possible sex effects, since it is well established that lipid metabolism differs between men and women, the fact that gender differences exist strongly argues that similar studies in men are warranted. This is a proof of concept study and further larger-scale studies, including both men and women with various conditions of impaired lipid metabolism, such as obesity, IR, T2DM and others, are warranted. Due to the small sample size we also did not observe a significant association between GIR, a marker for systemic insulin sensitivity, and the absolute synthesis of palmitoyl-CNT. The sample size analyses demonstrated that we will need fourteen subjects to achieve significance with power of 0.8 and alpha ¼ 0.05. Lastly, we observed variability in hyperinsulinemia-related changes in the concentration of acyl-CNT species, which is in accordance with reports from other investigators [17, 28] , and may reflect individualized responses to hyperinsulinemia.
In conclusion, our data confirmed our hypothesis that the in vitro production of palmitoyl-CNT by blood cells contributes to circulating acyl-CNT concentration and may represent or contribute in vivo FAO (i.e., plasma palmitate oxidation). Additionally, we demonstrated that the production of palmitoyl-CNT depends on the availability of circulating FFAs and that whole blood samples can be used for these analyses, which may be useful in developing novel approaches to identify individuals with impaired FAO and thus at higher risk of developing IR, T2D and aCVDs. Future larger studies in a more diverse group of individuals are warranted to confirm the validity of our methods and results. 
